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Abstract. Blowing snow and snow drifts are common fea-
tures in the Arctic. Due to sparse vegetation, low tempera-
tures and high wind speeds, the snow is constantly moving.
This causes severe problems for transportation and infras-
tructure in the affected areas. To minimise the effect of drift-
ing snow already in the designing phase of new structures,
adequate models have to be developed and tested. In this
study, snow distribution in Arctic topography is surveyed in
two study areas during the spring of 1999 and 2000. Snow
depth is measured by ground penetrating radar and manual
methods. The study areas encompass four by four kilome-
tres and are partly glaciated. The results of the surveys show
a clear pattern of erosion, accumulation areas and the evolu-
tion of the snow cover over time. This high resolution data
set is valuable for the validation of numerical models. A
simple numerical snow drift model was used to simulate the
measured snow distribution in one of the areas for the winter
of 1998/1999. The model is a two-level drift model coupled
to the wind field, generated by a mesoscale meteorological
model. The simulations are based on five wind fields from
the dominating wind directions. The model produces a sat-
isfying snow distribution but fails to reproduce the details of
the observed snow cover. The results clearly demonstrate the
importance of quality field data to detect and analyse errors
in numerical simulations.
1 Introduction
In cold regions, such as the Arctic or alpine terrain, wind
transport of snow plays an important role for the winter snow
distribution. The snow is moved from exposed erosion areas
to accumulation areas, forming a snow distribution pattern
which is typical for the terrain and the prevailing wind condi-
tions. The resulting snow pattern often interferes with the in-
frastructure in these areas, causing problems for mobility and
security. The accumulating snow masses block traffic lanes,
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bury houses and infrastructure, and significantly increase the
risk of avalanches. Additionally, the decreased visibility on
traffic lanes during snowstorms can cause severe difficulties
for any vehicle.
These problems caused an early interest in the process
of snow drift. Already Johnson (1852) observed and docu-
mented areas in complex terrain, which can be exposed to
snow accumulations, and tested a number of snow fences.
Mellor (1965) gives an overview of the effects of snow drift
on infrastructure. He shows that the consideration of snow
drift in the design and the correct location of buildings and
infrastructure can prevent severe problems. Snow fences are
used to protect the effected areas from snowdrifts. They col-
lect the blowing snow by breaking the natural wind flow.
This causes turbulence in which the snow can settle down.
Different snow fences were tested and applied by Tabler
(1980, 1988, 1994), Zhonlong and Yuan (1980). Also, the
design of roads and road structures can be improved to avoid
snowdrift problems (Norem, 1974; Tabler, 1994).
The detailed study of drifting snow showed that saltation
and suspension are the major transport modes (Budd et al.,
1966; Pomeroy and Gray, 1990). The wind has to reach a cer-
tain threshold velocity before the snow particles loosen from
the surface (Schmidt, 1980). They start to jump up in hy-
perbolas from the ground and saltate along the snow surface.
As the wind speeds increases, lighter particles are picked up
by the turbulent eddies of the boundary layer and are trans-
ported in suspension. Airborne snow particles surrounded by
unsaturated air will start to sublimate. This is a major loss
of snow mass from seasonal snow covers to the atmosphere
(Schmidt, 1972, Pomeroy et al., 1997; Bintanya, 1998; Dery
et al., 1998; Mann et al., 2000). For the future design or
for the improvement of structures in snowdrift areas, knowl-
edge of the erosion and accumulation pattern in the terrain
allows one to avoid the most affected areas. This kind of in-
formation can be provided by field surveys (Norem, 1974) or
three-dimensional numerical snowdrift models. Such mod-
els are either based on a wind field generated by a separate
wind model (Pomeroy et al., 1997; Liston and Sturm, 1998;
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Fig. 1. Map of the valley Adventdalen showing the two study areas and the number of surveys during the field season 1999 and 2000. The
position of Spitsbergen in relation to the main land Norway is shown in the small map in the left corner.
Michaux et al., 2000) or use two-phase flow models to sim-
ulate the snow transport (Gauer, 1998; Sundsbø and Bang,
1998; Thiis, 1999). For the development and verification of
such models, high quality field data for the entire model do-
main is needed.
This study presents high resolution snow distribution data
in a complex terrain. The data covers two study areas which
were surveyed for two and three times during the spring of
1999 and 2000, respectively. A ground penetrating radar sys-
tem is developed for the application under Arctic conditions
and is used for the surveys. The snow distribution in one of
the study areas is simulated by a three-dimensional numeri-
cal snowdrift model. The model calculates the snowdrift for
the saltation and the suspension layer, based on wind fields
generated by a mesoscale meteorological model.
2 Site description
The two study areas are located at 78◦ N on the island of
Spitsbergen about 40 km from the settlement Longyearbyen
(Fig. 1). They are 4× 4 km (Blekumbreen) and 3×4 km
(Drønbreen) in size and reach from elevations of 300 m to
1000 m. The areas are partly covered by glaciers. The ice-
free ground consists of moraine materials and sedimentary
rock without higher vegetation. This is a good cross section
of many typical features of the terrain of western Spitsber-
gen. The annual mean air temperature is−6◦C and is−16◦C
in the coldest period, February to March. The prevailing
wind direction in the area is from the east during the win-
ter months. The amount of annual precipitation in the area
is estimated from Hagen et al. (1993) to be 600 mm/a. Fig-
ure 2 shows the meteorological conditions during the winter
season 1998/1999 taken from ECMWF (European Centre for
Medium range Weather Forecast) re-analysis (six hour values
at the 1000 hPa level). The precipitation data stems from the
meteorological station at Longyearbyen airport. The absence
of higher vegetation and melting periods during winter give
ideal conditions for snowdrift experiments.
3 Field studies
The snow distribution in the two study areas was surveyed
during spring 1999 (Drønbreen) and spring 2000 (Blekum-
breen). The snow depth was measured by a ground penetrat-
ing radar (GPR) system. The GPR is based on a commer-
cially available system (Sensors and software, 1995) which
was further developed for the use in Arctic conditions. The
whole system is moved in a specially designed sledge behind
a snowmobile (Fig. 3). This sledge contains the radar anten-
nas, the control unit, a field PC, GPS and a power supply.
The electric power supply is based on a 12 V car battery and
is designed to work in cold conditions down to −30◦C. The
radar was triggered off every metre by an odometer wheel
and data are continuously recorded on the field PC.
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Fig. 2. Meteorological conditions during the winter season 1998/1999 (ECMWF re-analysis, six hour values at the 1000 hPa level). The
precipitation data is derived from the meteorological station at Longyearbyen airport.
The GPR can be equipped with 225, 450 and 900 MHz
antennas. The frequency of the system decides the penetra-
tion depth and resolution of the instrument. High frequencies
generate smaller wavelengths and allow for a higher resolu-
tion while the penetration depth decreases. The 900 MHz an-
tennas allow for a penetration of up to 10 m in snow, which
is sufficient for the conditions in the study areas. The radar
system measures the travel time from emitting the radar sig-
nal into the ground until the receiver antenna detects the re-
flected signal. The velocity of the electromagnetic waves in
the snow has to be known to calculate the snow depth. Both
snow density and the free water content of the snow influ-
ences the velocity (Annan et al., 1995). A high content of
free water will slow down the electromagnetic wave in wet
snow. The velocity of the radar wave in snow can be found
from manual measurements of the snow depth just between
the antennas of the radar.
During the surveys the instrument was calibrated in the
field by probing the snow several times with an avalanche
probe. This calibration yields an accuracy of +/− 0.05 m
snow depth at 900 MHz. The achieved radar profiles are digi-
tised and the snow depth is calculated using the calibration
values from the survey. The water equivalent is calculated
from the radar snow depth and snow densities, measured in
several snow pits. A similar radar system was applied by
Sand and Bruland (1998), who measured snow depth in sev-
eral catchments on Spitsbergen.
Some of the radar profiles were continued manually in
steep terrain, which was not accessible for the snowmo-
bile. The snow free areas of bare ground were carefully ob-
served and marked on a map. The radar profiles were marked
with bamboo pins to allow for an accurate repetition of the
measurements along the same lines. All profiles were posi-
tioned by differential GPS. The radar, together with the man-
ual measurements and bare ground observations, provide ap-
proximately 17 000 data points for each survey.
4 Numerical modelling
4.1 Model structure
A simple three-dimensional snowdrift model is used to pre-
dict the snow distribution in the study area. The model




Fig. 3. Schematic plot of the radar sledge. The compartments contain from the left: Spare parts and cables, antennas, control unit, power
supply and computer, battery charger. The sledge is about 180 × 40 × 50 cm in size.
is based on wind fields generated by a meteorological
mesoscale model. The wind fields are used to calculate the
equilibrium snow drift flux at each grid point for a number
of typical wind directions. Every six hours, the wind speed
given by the ECMWF re-analysis is tested if it exceeds a cer-
tain threshold value. If the wind speed is above this thresh-
old, the wind field from the corresponding wind direction is
activated. This creates a new snow cover, which is the start-
ing point for the next six hour period.
4.2 Snowdrift model
The snowdrift model is mainly based on the work by
Pomeroy et al. (1997) and Liston and Sturm (1998). The in-
put wind speed at 10 m above the ground is generated by the
wind model. The model calculates the flux of saltation Qsalt
and of suspension Qsusp for each grid point of the simulated
wind field using constant values of threshold friction velocity
u∗th (0.25 m/s) and terminal fall velocity s (0.3 m/s). The val-
ues of snow concentration c(z) and wind speed u(z) are used,
together with constant values of air temperature (−15◦C) and
relative humidity (80%), in a separate routine to calculate
the sublimation from the airborne snow particles (Liston and
Sturm, 1998).
4.3 Wind model
The non-hydrostatic numerical mesoscale model MEMO
(Flassak, 1990; Moussiopoulos, 1994; Grøna˚s and Sandvik,
1999) was used to generate the wind fields for the study
area. The model solves the momentum equation, the con-
tinuity equation and optionally several transport equations
for scalars on a staggered grid. The applied model ver-
sion includes the following dependent variables of the three
wind components: pressure, potential temperature and tur-
bulent kinetic energy. The vertical coordinate is normalised
to the underlying terrain. In the present study, the study area
(Drønbreen), with a 50 m resolution, was enclosed in three
nesting levels up to 500 m. Vertically, the atmosphere was
divided exponentially into 25 terrain following layers from
10 m to 4000 m. Only one surface type, snow covered land
(z0 = 0.1 m) was used.
The wind field in the study area will be highly influenced
by the atmospheric stability, wind speed and direction. Win-
ter climatology at Spitsbergen is dominated by low-level in-
versions due to net radiative loss of energy from the sur-
face. The initial model atmosphere is stable stratified (con-
stant potential temperature gradient equal to 0.71◦C/100 m
and −15◦C at the surface). Five wind directions (N, NE, E,
SE, S) were simulated, imposing a uniform wind of 10 m/s at
the upstream boundary.
4.4 Coupling
The equilibrium snowdrift flux is calculated for each grid
point in the model domain separately for the five wind di-
rections. The resulting five erosion fields are applied on the
model domain, depending on the wind direction and speed
for every six hours during the winter season (1 November
1998 – 1 May 1999). For example, 8 m/s wind from 48◦ in
the ECMWF re-analysis activates the NE erosion field and
produces a new snow distribution. Due to the limited access
of only five wind fields, all wind speeds over the threshold
will activate the same wind field based on the 10 m/s simula-
tions. The threshold wind speed (7 m/s) is a tuning parameter
to fit the model results to the observed snow distribution and
is constant for the whole winter season.
The precipitation record from Longyearbyen airfield (an-
nual precipitation 200 mm/a) is used to generate the precipi-
tation in the study area. Based on the estimations of Hagen et
al. (1993), the precipitation at Longyearbyen airfield is mul-
tiplied by a factor of three and a height factor adjusts the
precipitation in the study area. The initial snow depth is zero
at all grid points and the distribution of snow starts after the
first precipitation event.
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Fig. 4. Snow distribution in the Blekumbreen study area in spring 2000. The three plots show results from the surveys 28 February 2000,
30 March 2000 and 3 May 2000. Strong black lines are the radar profiles, black crosses indicate areas with bare ground. The pink areas are
blank from the interpolation.
5 Results
5.1 Field data
The results from three surveys of the snow distribution in the
Blekumbreen area are illustrated in Figs. 4a–c. The strong
black lines show the radar profiles and crosses mark the ar-
eas of bare ground. Together, they give a good impression
of the data coverage. The data was interpolated to a 50 m
grid using Kriging. Areas without data coverage are blanked
to avoid misinterpretation. A detailed accumulation and ero-
sion pattern can be seen in the plots. Mountain ridges and
exposed backs are free of snow, while lee slopes and depres-
sions collect most of the snow. The time in between the sur-
veys is roughly one month and the increase of the snow depth
can be seen from survey to survey. Accumulation areas in-
crease their snow depth significantly more than the average.
The average snow depth is increasing from 170 to 330 and
410 mm water equivalent (WEQ) for the three surveys. The
maximum snow depth at the end of the season is 1600 mm
WEQ. Figure 5 shows the snow distribution in the study area
on Drønbreen (4× 3 km) at the end of the season 1999. It
was surveyed by the same methods as described above. The
situation on Drønbreen is simulated with the help of a nu-
merical snowdrift model.
5.2 Numerical modelling
The wind field generated by the MEMO model for 10 m/s
wind from the prevailing direction east is shown in Fig. 6.
Wind speeds reach a maximum of 15 m/s on the mountain
ridges and low wind speeds dominate in the valleys. The
high resolution of 50 m includes many details around the to-
pographic features in the study area. The wind directions
vary significantly from place to place. Given an adequate
snowdrift model, this is a good basis for detailed modelling
of snow distribution in the area. The other directions (N,
NE, SE, S) show similar features and including recirculation
zones behind step ridges.
The modelled snow distribution at the end of the season is
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Fig. 5. Measured snow depth in the Drønbreen area at the end of the winter season (19 April 1999). The black lines are the radar profiles,
black dots show areas with bare ground. The crossed areas are blank from the interpolation.
shown in Fig. 7. It gives a good overview of erosion and ac-
cumulation areas. The erosion areas are located in the wind-
ward slopes and are partly free of snow. The major part of
the accumulation takes place in the lee slopes behind ridges
and tops. On the smoother terrain, the simulated snow dis-
tribution is rather uniform. The mean snow depths are 550
± 330 mm WEQ and 520 ± 380 mm WEQ in the model and
the field data, respectively. The model gives a sublimation of
79 mm, compared to 410 mm precipitation during the model
run.
6 Discussion
The applied field methods illustrate the snow distribution in
the study areas and also the time evolution of the snow cover
very well. The ground penetrating radar system allows one to
cover large areas with little field effort, compared to manual
measurements. The pulling snowmobile, as well as the radar
sledge itself, densify the snow on the radar profiles. This
problem is eliminated by calibrating the radar on the track
directly between the antennas under the radar sledge. Inter-
polation of the field data by Kriging produces a snow distri-
bution which could be expected in nature. The data coverage
does not include steep slopes, introducing a larger interpola-
tion error at these locations. Still, the data coverage is suf-
ficient to include both accumulation and erosion areas in the
plots. Small topographic features, such as melt water chan-
nels and moraines, cause sudden snow depth changes over
short distances of only a few metres. In comparison to field
data based on a small number of transects (Pomeroy et al.,
1997; Gauer, 1998) or aerial photography (Liston and Sturm,
1998), the presented data is an improvement in resolution
and accuracy, and presents a valuable tool for the validation
of three-dimensional snowdrift models.
The results from the MEMO model show the model’s nu-
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Fig. 6. Wind field in the Drønbreen area for uniform wind (10 m/s) from east. The arrows show the wind direction. The wind speed is
indicated by the shading and the size of the arrows.
merical capability of simulating wind fields in steep moun-
tainous terrain at a high resolution. The strongly vary-
ing wind direction shows that statistical models that only
change the wind speed in the terrain (Liston and Sturm, 1998;
Pomeroy et al., 1997) are not applicable in complex terrain.
However, the high computing capacities needed for such a
model limit the number of cases which can be simulated.
Five wind directions (N, NE, E, SE, S) at one wind speed
(10 m/s), as used in this study, should be considered as the
minimum number of needed wind simulations for our case.
The results of the drift model are promising, considering
the simplicity of the model and the limited number of avail-
able wind fields. The deviations of simulated and observed
snow distribution may be caused by four major reasons:
1. The limited number of available wind fields. The ap-
plied approach uses the same wind field for all wind
speeds over the threshold value, causing an underesti-
mation of drift in very strong wind conditions. The lack
of wind fields for different wind speeds causes the same
erosion and accumulation areas for all wind speeds and
prohibits the altering of erosion and accumulation pat-
terns due to wind speed variations at a single grid point.
Wind fields for five different wind speeds and eight
wind directions should be used.
2. Equilibrium snowdrift profiles at all grid points. The as-
sumption causes the drift transport to be higher behind
bare ground areas than observed in nature. Takeuchi
(1980) estimates the distance needed to achieve an equi-
librium snowdrift profile to be 200–400 m. The effect
of the needed fetch was included in models by Pomeroy
et al. (1997), Liston and Sturm (1998) and Essery et
al. (1999) and has to be implemented in future versions
of the model.
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Fig. 7. Simulated snow depth in the Drønbreen area at the end of the winter season (19 April 1999). For orientation the data coverage from
the field survey is shown: strong black lines are radar profiles, black crosses indicate areas with bare ground. The pink areas are blank from
the interpolation.
3. Constant threshold velocity throughout the winter. The
response of the snow cover to the wind is strongly de-
pendent on the threshold wind speed of the snow. Since
the snow properties change with time, the threshold ve-
locity should follow these changes.
4. Limited applicability of Pomeroy and Gray’s saltation
formulation. The applied saltation routine may intro-
duce an error to the drift concentration calculated for
each grid point (Lehning et al., 2000).
The results from the simulation show that the use of station-
ary wind fields is a promising approach. A complete clas-
sification of wind fields for different speeds and directions
is the first priority to improve the results. Furthermore, the
assumption of equilibrium profiles should be replaced by a
routine that considers the effect of the needed fetch.
7 Conclusion
High resolution snow distribution measurements by ground
penetrating radar in two study areas produced a valuable data
set for the validation of snowdrift models. The erosion and
accumulation pattern, as well as the time evolution of the
snow cover, is included in the data set. The applied ground
penetrating radar is a practical tool to achieve high resolution
data coverage with a comparably low field effort.
A three-dimensional snowdrift model has been developed
and was tested against the field data. The model is based
on wind simulation from a mesoscale meteorological model,
which is able to produce detailed wind fields in steep com-
plex terrain. The comparison of the drift model results with
the field data shows that the model produces promising snow
distributions from the five applied wind fields. A complete
classification of wind fields for different wind speeds and di-
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rections is needed to improve the results. The high resolution
snowdrift data will help to verify the results of future snow-
drift models.
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